This study is a part of the structural activity being conducted for developing European DEMO divertor in the framework of the EUROfusion Consortium. The thermal and structural analysis has already been started since a year and the first results had been partly published in a previous paper. The Cassette Body is being analyzed considering the most critical types of loads (e.g. coolant pressure, volumetric neutron heating and EM loads) according to their latest estimates. This work is based on the design-by-analysis approach adopted in the conceptual design study of the DEMO Divertor. The Divertor design has been assessed in terms of a number of variables e.g. loads, key geometric dimensions, positions of the Cassette attachments to the vacuum vessel, or position of load application, in order to enhance the knowledge about the structural behavior of the Divertor Cassette. In addition to the existing 3D solid element model, also a shell element model has been developed: so that an extensive parametric analysis can be easily done for a comparative estimation. The structural assessment was done according to the Design and Construction Rules for Mechanical Components of Nuclear Installation (RCC-MRx)
Introduction
The present paper reports the latest progress in the structural design study for the European DEMO divertor cassette body which has been conducted in the framework of the work package "Divertor" of the EUROfusion Consortium [1] [2] [3] [4] [5] . The structural design study serves as one of the major elements of preconceptual design of DEMO divertor cassette. The structural design study is based on computational structural analysis and code-based design criteria. In the structural analysis multiple physical loads, which impose a major mechanical impact, should be taken into account. In this study, thermal loads from fusion plasma and neutronic heating, static loads by primary loads (e.g. coolant pressure, reaction force at supports) and dynamic loads due to electromagnetic forces are considered. The structural analysis is preceded by multi-physical analyses for load specification and followed by structural design assessment for which computed stress intensities are fed in into the design criteria. For effective stress analysis, the finite element models are optimized using different elements and meshing strategy. The structure of static supports is also optimized in an iterative process. As interim design rules, the criteria formulated in the French code RCC-MRx are employed in this preliminary study [6] . In this paper, the results of first round structural design study performed for DEMO divertor cassette body are presented. Besides a model using conventional 3D continuum solid element, an alternative model using parametric shell element is employed. Implications for further design optimization are discussed
Analysis with 3D fem model
The early analysis [1] has dealt with several simplifications: now some better approximations have been applied and they are going to be explained.
The most important improvement produced in the whole analysis has regarded the mesh: the solid model that initially was made up of only one volume has been divided in several connected parts to obtain the more confident mapped mesh as it can be seen in fig. 1 . This action has been considered a priority for the progression of the study to give an overall enhancement to the reliability of the analysis. As usual, some preliminary attempts have been executed to choose a suitable element size. Finally a global size of 25 mm has been adopted and the model results with 71813 elements and 376473 nodes.
As reported in [1] , it has been established that the Cassette is made of Eurofer whose physical properties can be found in [6] : also in [7] the same properties are reported: the values in both cases are practically equal. All the choices related to material modeling can be found in [1] and here they have been still adopted. The initial step of the study has regarded the thermal analysis: it essentially deals with neutron thermal power and convective cooling.
The first load value has been obtained from [8] in which a detailed subdivision of thermal power on each Divertor component has been described. ) that must be declared inside the model for the simulation of the internal heat generation. But in doing so the thermal power is applied uniformly: instead, as reported in [8] , it really has a distribution with higher values in the inboard region and lower values in the outboard region; it hasn't been possible to consider such a distribution of neutron thermal power because the results haven't been supplied in a table-formatted manner.
The values related to convective cooling are: the convection film coefficient equals to 10 kW/(m 2 ·K) like stated in [1] and the water bulk temperature equals to 210°C (it has been chosen conservatively the outlet value) according the last agreements (BoP) that aren't published yet. All the internal surfaces (reported in fig.  2 ) that are interested by convective and pressure loads have been clearly identified beforehand for the whole set of the following analysis. In doing so, the temperature distribution has been evaluated and it can be seen in fig.3 . The peak values of temperature related to the sharp corners can be surely neglected because they can be weakened with a detailed dimensioning of the chamfers; the value of 309.92°C corresponding to the end of the third step in the legend can be chosen as representative of the state of the cassette and it isn't a dangerous level although the aforementioned uniform application of thermal loads. With this hypothesis, the thermal gradient inside the component and the following stresses arising from differential thermal expansion have been neglected. Nevertheless it must be kept in mind that it has been dealt with a steady state analysis that isn't far from the real situation in which the pulses are foreseen to last for several minutes: so the duration of the pulse turns in favour of a softening of these thermal gradients. In any case this point shall be engaged in the next paper. The following step has regarded the structural analysis. The temperature distribution and the water pressure (whose value of 3.5 MPa comes from the same BoP mentioned above) have been applied having been defined the elastic-plastic kinematic hardening material model as in [1] .
The resulting equivalent stresses have been reported in fig.4 . These values are too high only at inwards corners that might be avoided with a detailed design of the sharp regions. For everything else, the values are less than yielding at the same temperature as proofed by plastic strain contour plot that is always zero (not reported). The physical constraints that have been simulated are: radial, toroidal and vertical displacements nullified, then the rotations about radial and vertical axis have been nullified and finally the rotations about the toroidal direction have been kept free. This physical condition has been mathematically implemented using the Ansys tool named remote point: that is the above mentioned conditions on displacements and rotations have been declared on the centroids of the surfaces reported in fig.  5 ; in doing so these centroids act as remote points. This choice is seemed to be wise: in the fig. 6 the vertical displacements have been reported and it can be seen that the cassette is subjected to a flexural action that increases the curvature in its central region that is the most slender zone. So a certain quantity of strain energy has been stored in a slender zone and it keeps the stress values reasonably low. But this result shall be reviewed because of the aforementioned uniform action of the neutron power: this distribution is expected to exercise a high flexural action that should straighten the curvature of the cassette and it should result in an important action on the attachments that can't be highlighted now.
As further demonstration of the severity of thermal loads, the fig. 7 reports the equivalent stresses related to the water pressure acting alone: it produces a very low level of stresses as already found in [1] fig.4 are almost completely due to the thermal loads: this fact is confirmed by the case with thermal loads acting alone: here the Von Mises stresses (not reported) are almost equal to those ones in fig. 4 . Moreover it is worth to mention that the maximum value in fig. 7 has been obtained in an inwards corner of the internal cooling volumes and other peak values can be found in similar regions: so once again a detailed design is required to avoid these singularities.
Another chapter of this study has regarded the influence of VDE event on this tokamak component. The first case is related to the study reported in [9] , really related to Demo Divertor, in which the contribution of the halo currents to the EM forces has been evaluated. A forward step respect to [1] has been done: it is no more necessary to adopt the ITER values excluding any problem of translation and adaptation of that results; but also here it hasn't been possible to manage the real distribution of those forces: so the resultants (forces and moments) had to be divided uniformly on all nodes. The centroid of the cassette has been chosen as remote point and the lateral vertical surfaces have been associated to it to spread the resulting moments. The most severe case studied in [9] has been used and it is reported in tab.1. fig. 8 there are the resulting equivalent stresses related to this case. The stress level is higher than that reported in fig.4 , and the plastic strains regard a zone a bit enlarged (not reported). Some refinements seem necessary according this case.
Another case of disruption has been taken from the most severe case reported in [10] with the simplified and uniform distribution of resultant forces and moments. The case extracted from this study has regarded the time at the end of the current quench. The values considered in this situation are reported in tab.2. fig. 4 . The fig. 9 reports the Von Mises stresses for this case. 
RCC-MRx simplified assessment
Even though the previous analysis has some uncertainty related to the load evaluation and the way of their application, a simplified application of basic statements of RCC-MRx code have been investigated. This set of analysis has been performed assuming a linear elastic behavior of the material. The line supporting segments have been chosen in the same position reported in [1] . In fig.10 these paths has been highlighted in a convenient virtual cut of the solid model. The first step is to assure that membrane and bending stresses caused by mechanical load (water pressure) at its working temperature are below the allowable stresses at the same temperature. With clear symbolism (θ m is the mean temperature along the path), in table 3 there is the summary of this point. Also in this case as in [1] , the simplified assessment has been satisfied.
Analysis with cassette shell model
The pre-conceptual design phase is an iterative design process aimed at developing different concepts that potentially meet the design requirements and analysing each concept in order to find the "best solution" [11] - [12] . In this phase, more than in the others, major changes occur constantly, thus a parametric design approach and the use of lighter FEA models are crucial to speed-up the whole design process, incorporating modifications to the models efficiently [13] - [14] . Divertor cassette parametric shell model (Fig. 11 ) is used to allow for optimization studies of ribs thickness and layout, taking into account coolant pressure, thermal loads and also cassette preloading needs. As first stage, comparative analyses with the 3D solid models presented in section 2 have been performed, applying the same boundary and load conditions. Taking into account the obtained results, a first optimization process has been performed, in terms of ribs layout and thickness. The parametric approach allowed the implementation of modifications efficiently. In particular, the iterative analysis process shows the possibility to remove 2 poloidal ribs (see Fig. 14) and reduce the thickness from 40mm to 20mm. According to first structural analyses, thickness reduction and layout modification are acceptable against pressure and thermal loads. Furthermore the reduction in the cassette's stiffness allows for cassette preloading needed for locking and electrical needs.
Even though the maximum values of equivalent stresses and their positions in the 3D and 2D models are different, the distributions are similar and the order of magnitude agrees well in both cases. So further investigation related to the influence of the reduction of the ribs thickness on shielding performances and also their effects on the behaviour of the component against halo currents and EM loads can be carried on.
Conclusion
The structural analysis carried out for the reference model of DEMO divertor cassette body showed that the thermal power to be generated by nuclear heating would give the largest contribution to the final stress state. It was also confirmed that under the normal operation loads the structural failure criteria are not violated. The final judgment in terms of structural design feasibility can be made once the structural impact of off-normal dynamic loads due to electromagnetic forces (disruptions and vertical displacement events) has been assessed and evaluated against code rules. This work is ongoing.
